Ty3 is a retroviruslike element found in Saccharomyces cerevisiae. It encodes GAG3 and GAG3-POL3 polyproteins which are processed into mature proteins found in the Ty3 viruslike particle. In this study, the region encoding a protease that is homologous to retroviral aspartyl proteases was identified and shown to be required for production of mature Ty3 proteins and transposition. The Ty3 protease has the Asp-Ser-Gly consensus sequence found in copia, Tyl, and Rous sarcoma virus proteases, rather than the Asp-Thr-Gly found in most retroviral proteases. The Asp-Ser-Gly consensus is flanked by residues similar to those which flank the active sites of cellular aspartyl proteases. Mutations were made in the Ty3 active-site sequence to examine the role of the protease in Ty3 particle maturation and to test the functional significance of the Ser active-site variant in the consensus sequence. Mutation of the active-site Asp blocked processing of Gag3 and Gag3-Pol3 and allowed identification of a GAG3-POL3 polyprotein. This protein was turned over rapidly in cells expressing the mutant Ty3. Changing the active-site Ser to Thr caused only a modest reduction in the levels of certain Ty3 proteins. Five putative cleavage sites of this protease in Ty3 GAG3 and GAG3-POL3 polyproteins were defined by amino-terminal sequence analysis. The existence of an additional protein(s) of unknown function, encoded downstream of the protease-coding region, was deduced from the positions of these amino termini and the sizes of known Ty3 proteins. Although Ty3 protease cleavage sites do not correspond exactly to known retroviral protease cleavage sites, there are similarities. Residues P3 through P2' in the regions encompassing each of the five sites are uncharged, and no PI position is occupied by an amino acid with a branched beta carbon.
The retroviral core contains an aspartyl protease (PR) of 12 to 15 kDa in mass (for a review, see references 42 and 53) . Alignment of the protease sequences of retroviral and cellular aspartyl proteases shows two regions of conserved sequence: Asp-Thr/Ser-Gly in the amino-terminal portion of each protease domain and H-H-Gly (where H is Ile, Leu, Trp, or Val) in the carboxyl-terminal portion of each domain (45, 57) . In avian sarcoma/leukosis virus, PR is encoded at the downstream end of gag, while in some mammalian retroviruses, it is contained in a separate reading frame between gag and pol, and in others, the coding region overlaps with gag but is primarily contained within the upstream end ofpol. Pulse-labeling studies have shown that both structural and catalytic proteins are synthesized as polyprotein precursors which are found in immature virions. Maturation of the virus particles coincides temporally with the appearance of processed proteins. Mutagenesis of the PR coding domain can block particle maturation and processing, implicating PR in the maturation process (9, 10, 20, 23, 46, 47, 55, 56) . More recently, retroviral proteases have been shown to be active on peptide substrates simulating polyprotein cleavage sites (24) (25) (26) and in heterologous systems such as Saccharomyces cerevisiae (27) or Escherichia coli (11, 26) , when produced as part of pol, thereby confirming that PR is the processing enzyme.
Solution of the X-ray crystal structure for both the Rous sarcoma virus (40) and human immunodeficiency virus (41, 59 ) PR, information from mutagenesis of several retroviral PR species (20, 23, (33) (34) (35) 55) , and studies with variant substrates have greatly expanded our understanding of both * Corresponding author.
the structure and the function of this enzyme. The similarity of PR to cellular aspartyl proteases twice its mass prompted Pearl and Taylor to propose that PR forms a dimer resembling the cellular aspartyl proteases within which a PR domain is repeated (45) , and this has been confirmed by structural studies (19, 24, 38, 40, 41) . More recently, synthetic dimers have been shown to have intracellular activity in the absence of particle formation, as predicted if dimerization is the rate-limiting step of retroviral protease activation (5, 28) . Comparison of synthetic and natural substrates for retroviral proteases has shown that there is not a strict cleavage site consensus (24, 25, 51) . Natural cleavage sites are within hydrophobic regions, especially from P2 to P2', and do not contain beta-branched amino acids at position P1. Some cleavage sites are only recognized in the native context, arguing that higher-order structures also play a role in cleavage site recognition (34, 58) . The hydrophobic context, together with synthetic peptide substrates and the X-ray crystal structures, argues that seven amino acids, four amino terminal and three carboxyl terminal to the scissile bond, are the local determinants of cleavage sites.
Proteases of retrotransposons are less extensively characterized than those of retroviruses. The protease predicted from the gypsy-like element 17.6 protein sequence contains Asp-Thr-Gly at the position of the predicted PR active site, but other retrotransposons, including the intracistemal type A particle, copia, and the copia-like Tyl and Ty2 and gypsy-like Ty3 elements of S. cerevisiae (3) , have Asp-SerGly at the protease active site. The copia element encodes a protease which is expressed together with structural proteins from a spliced mRNA. A missense mutation in the active site of this protease prevents accumulation of viruslike particle (VLP) protein, presumably because of instability of the mutant precursors in vivo (60 (16) . This plasmid also carried the yeast URA3 gene, sequences from the yeast 2,um plasmid which confer high copy number, and the bacterial Ampr gene and on. Transformed cells were pregrown in medium containing raffinose (a nonrepressing carbon source) and lacking uracil. Cells were transferred to synthetic medium containing galactose as the carbon source and lacking uracil to induce transposition. VLPs were partially purified by using a method developed from that used by Eichinger and Boeke (13) and previously described (15) . Briefly, cells were grown to an optical density at 600 nm of 0.9 to 1.1, washed in buffer, digested with zymolyase, lysed with glass beads, and fractionated over a 26-ml 70%-30%-20% sucrose step gradient of 5, 5, and 16 ml, respectively, by centrifugation in a SW28 rotor at 83,000 x g for 3 h at 4°C. Four milliliters from the 70%-30% interface of each gradient was pooled, concentrated by centrifugation in a TiSO rotor at 100,000 x g for 1 h at 4°C, and resuspended in 100 pl of buffer B (containing Mg2+) (13) 6 liters of galactose-induced cells. Electrophoresis was for 5 h at 200 V. Electrophoretic transfer was for 2 h at 100 V, but was otherwise performed as described above. The PVDF membrane to which these proteins were transferred was also stained and destained, and the bands containing Ty3 proteins were excised. The proteins were subjected to five cycles of Edman degradation sequencing as described above.
Recombinant DNA manipulations. A pIBI20 plasmid containing the 5' half of Ty3 on a 3.2-kbp HindIII-SalI fragment (2) was used for mutagenesis. Two 19-mer oligonucleotides were used to separately mutagenize the sequences that encode the conserved Asp and Ser of the PR active site. Oligonucleotide 212 (5'GATCCACTGAIAAACAGGG3') was used to change two nucleotides (underlined), converting the encoded Asp residue to an Ile residue (Asp-59 -) Ile). Oligonucleotide 211 (5'GGGTGATCCAGTGTCAAAC3') was used to change a single nucleotide, converting the encoded Ser residue to a Thr residue (Ser-60 -* Thr). Plasmid DNA was isolated from transformants and screened by sequence analysis. The 2.0-kbp BglII-SalI fragment of Ty3 containing the mutated sequence was then substituted into pEGTy3-1 for the wild-type fragment in the 5' portion of Ty3. These plasmids are referred to as pEGTy3-lmut2l2
(Asp-59 -3 Ile) and pEGTy3-lmut2ll (Ser-60 -+ Thr) and were used for protein analysis in AGY-9. The 2.0-kbp BglII-SalI fragment was also cloned into pJK312AC, replacing the wild-type fragment in the 5' portion of the Ty3 carried on this plasmid. These plasmids, carrying mutant Ty3 elements, are referred to as pJK312ACmut211 and pJK312ACmut212. The plasmid pJK312AC is identical to pJK311AC (22) in having the yeast TRP1 gene andARSJ and CEN4 sequences for selection and maintenance at low copy number and the E. coli Ampr gene and on. The Ty3 element on pJK312AC, however, has a deletion of the primer binding site, which prevents replication. This Ty3 is also fused to the GALl-10 upstream activating sequence, expresses all Ty3 proteins, and (like pJK311AC) can complement transposition of a marked donor Ty3 (see Results).
RT assays. RT activity was measured under conditions optimized for Ty3 RT (15) . VLPs were prepared as described above from galactose-induced AGY-9 cells containing pEGTy3-1, pEGTy3-lmut211, or pEGTy3-lmut212 or no plasmid. RT activity was calculated as the percent incorporation of [a-32P]dGTP at 26°C in 2.0 h by using a poly(C) template and an oligo(dG) primer. Incorporation of radioactivity was linear during this time for proteins in the range of 1 to 4 ,g in a 30-,ul reaction volume (7, 15 (Fig. 1) , creating Ty3-lmut212.
To obtain high-level expression of the Ty3 PR mutant, Ty3-lmut212, it was cloned on a high-copy-number plasmid under regulation of the GALl-10 upstream activating sequence, as described for pEGTy3-1. Strain AGY-9 was transformed with pEGTy3-1 and, separately, with pEGTy3-lmut212. Transformants were grown in medium lacking uracil and containing galactose, to select for growth of apparent mass of 173 kDa (Fig. 2) , similar to the predicted size of a GAG3-POL3 fusion protein (175 kDa). The p39GAG3-POL3, p31GAG3, and CA proteins were absent. CA and the 61-and 58-kDa IN species were detected in Ty3-lmut212 only after overexposure of the immunoblot (Fig.  2C ) and are present at the same level as in the control sample (nontransformed cells). Strain AGY-9 has four endogenous copies of Ty3 (39) , and expression of these elements is likely to account for this background.
Antisera raised against the IN determinant reacted with a 115-kDa species and 61-and 58-kDa IN species in the extracts from the cells containing the wild-type Ty3-1 (17) (Fig. 2B and C) . In extracts of cells expressing the Ile-SerGly active-site mutant, the most prominent reactive protein had an apparent mass of 173 kDa ( Fig. 2B and C) . We were also able to detect a species of approximately 115 kDa which may have been generated by residual PR activity, the action of a cellular protease, or the action of a contaminating protease(s) introduced during VLP preparation. There were much lower overall levels of proteins which reacted with the antibody against IN in extracts of cells expressing the mutant compared with those in extracts of cells expressing the wild-type Ty3. Thus, inactivation of Ty3 PR does not result in accumulation of immature Ty3 particles to the levels observed for mature particles in cells expressing wild-type Ty3 elements. This could be due either to less efficient formation of the mutant particles or more rapid turnover of the particles that form.
PR is required for wild-type levels of RT activity and for transposition. The particulate fractions from cells expressing wild-type and mutant Ty3 elements were assayed for RT activity (Fig. 3) (47) and for Tyl PR active-site mutants (61) .
The absence of mature proteins in the PR mutant particles and the reduced level of Ty3 proteins in general suggested that the mutation would block Ty3 transposition, despite (Fig. 4B) . The level of growth on medium lacking histidine and containing 5FOA was the same, whether pregrowth was on an inducing or noninducing carbon source. It was possible that transposition was blocked because the mutation caused the Ty3 polyprotein to adopt an aberrant structure which was a poor substrate for processing. To assess this possibility, the donor Ty3 element in plasmid pJK422, which encoded PR but lacked most of the IN coding sequence, was used to test whether Ty3-lmut212 could be rescued by wild-type PR. Transposition of this donor did occur (Fig. 4D) . Thus, the GAG3-POL3 polyprotein containing the mutant PR could be processed to produce at least the IN species required for transposition. This suggested that the absence of transposition observed for pJK314 together with pJK312ACmut212 was due to lack of PR activity, rather than inability of the polyprotein to be incorporated into particles or to be a substrate for processing. Changing the PR active-site Ser to Thr does not result in significant changes in the levels or sizes of Ty3 proteins or in the ability of Ty3 to transpose. The conserved active site of most retroviral PR proteins is Asp-Thr-Gly. Although avian sarcoma/leukosis virus which has Asp-Ser-Gly at the active site, has been shown to be capable of cleaving heterologous substrate proteins and peptides (12, 21, 25, 48) , whether Ser and Thr are fully interchangeable against the homologous substrate in vivo has not been tested. The Ser in the Ty3 PR active-site Asp-Ser-Gly sequence was changed to Thr to produce the mutant element Ty3-lmut211 (Fig. 1) . Extracts of cells expressing this mutant were fractionated on 70%-30%-20% sucrose step gradients and further separated on SDS-10% polyacrylamide gels, and then stained with Coomassie blue (Fig. 2A) (Fig. 2B and C) . GAG3 proteins were present at similar levels compared with their counterparts in the wildtype Ty3. However, Western blot (immunoblot) analysis showed that p115 and the 61-and 58-kDa IN species were slightly underrepresented in particles from mutant compared with wild-type Ty3 elements. RT assays showed activity in the extracts of cells expressing Ty3-lmut211 to be approximately 61% that of wild-type Ty3 within the linear range of 1 to 4 ,ug of protein (Fig. 3) . The Coomassie blue-stained proteins included a species of the correct size for RT (55 kDa) present at reduced levels in the mutant Ty3 sample (Fig. 2A) . The simplest interpretation of the results of the RT assay is, therefore, that the decrease in activity is due to the reduced level of RT in this fraction, rather than to reduced specific activity of the mature RT.
The ability of a helper Ty3 with the Ser-to-Thr mutation to complement transposition was also assayed. By this qualitative assay, the level of transposition of a marked donor Ty3, either encoding PR or not, was the same when complemented by either the wild-type helper Ty3 element or the Asp-Thr-Gly PR mutant helper Ty3 (Fig. 4A and C) . Thus, in contrast to results with the Ile-Ser-Gly active-site mutant, function of the Asp-Thr-Gly mutant PR was not limiting for transposition.
DISCUSSION
The Ty3 PR active site was identified by comparison of the sequence of the predicted Ty3 POL3 protein to sequences of cellular aspartyl proteases and proteases of retroviruses and retrotransposons (16) . The mutation changing Asp to Ile in the active site of PR eliminated or reduced the levels of mature Ty3 proteins, implicating PR in processing of Ty3 GAG3 and GAG3-POL3 polyproteins. This phenotype is inferred to result directly from disruption of PR function, rather than indirectly from conversion of the GAG3-POL3 polyprotein to a form which assumes an aberrant conformation. When the Ty3 having the Asp-to-Ile mutation in PR was expressed as a helper in trans with a donor Ty3 which encoded the wild-type PR, processing and transposition occurred. Thus, the conformation of the mutant Gag3-Pol3 was compatible with sufficient processing for transposition to occur. The variety of mutations in retrotransposon (60, 61) and retroviral PR active sites which confer similar phenotypes also argues that the block in maturation observed is unlikely to result from specific structural effects (9, 10, 20, 23, 46, 47, 55, 56) . In our study, levels of RT activity in the mutant were slightly above the background observed in nontransformed cells. Whether this resulted from a low level of activity of the Gag3-Pol3 precursor or generation of some active species by background levels of processing, either by uninduced, endogenous Ty3-encoded PR or by cellular proteases, cannot be determined from these data. The 115-kDa species which reacts with the anti-IN antibody is present in the PR mutant and almost certainly contains the RT domain. Differing amounts of RT activity have been observed for PR mutants in other systems. It seems likely that these differences reflect both the particular mutations used to inactivate PR and the system. In the case of Tyl, three mutations which eliminated detectable processing and RT activity measured by an endogenous in vitro assay did not interfere with activity measured by an exogenous in vitro assay (61) . One of the mutants which contained a large deletion of the PR and IN coding sequences actually enhanced this activity about 15-fold. In avian retroviruses, mutagenesis of the PR active site virtually eliminated RT activity (9, 55, 56) . In murine leukemia virus (10, 20) and human immunodeficiency virus (46, 47) , significant in vitro activity has been reported for some, but not all, PR mutants.
Although existence of a Ty3 Gag3-Pol3 fusion protein was previously inferred from experiments in which POL3 was fused in frame to lacZ (22) , the experiments reported here allowed direct visualization and identification of the predicted GAG3-POL3 polyprotein for the first time. The Ty3 Gag3-Pol3 appears to be a labile species. In cells expressing either a GAG3-POL3 fusion mutant (22) or a PR active-site mutant Ty3 under control of a strong promoter, the GAG3-POL3 polyprotein did not accumulate in immature particles. Analysis of extracts from cells expressing the GAG3-POL3 fusion mutant Ty3 in linear sucrose gradients failed to show precursor species in any fraction, indicating that these proteins are also not accumulating as nonparticulate species. These results contrast with the results of experiments which showed accumulation of polyprotein precursors and formation of immature particles when proteolytic activity was disrupted by a variety of mutations in the PR active site in retroviruses or Tyl retrotransposons (10, 20, 33, 47, 55, 61) . This result was similar, however, to that seen with copia structural-catalytic protein fusion and PR active-site mutants which did not accumulate unprocessed polyproteins (60) . There may be differences in the accessibility of different polyproteins to cellular proteases. It does not seem likely that the failure of precursor proteins and immature particles to accumulate is due to disruption of the normal structure in the case of either the Ty3 PR mutant or the GAG3-POL3 fusion mutant, because both can be complemented by donors which are not themselves transpositionally competent (22; this study). A model consistent with these findings is that the GAG3-POL3 polyprotein is an unstable, transient species, possibly even under conditions in which is incorporated into particles, because of either specific processing or nonspecific degradation.
In general, the masses predicted for proteins generated by cleavage of GAG3 and GAG3-POL3 polyproteins at the positions identified here are consistent with the apparent masses of these proteins (Fig. SB) . The protein predicted for translation of GAG3 from the putative initiation Met through the end of the ORF is 290 residues in length. A major Pr38GAG3 and a minor p39GAG3-POL3 species are candidates for the full-length GAG3 protein. Mutation of the protease resulted in loss of the 39-kDa species, as well as the 26-, 31-, and 9-kDa species, but not the 38-kDa species. This suggests that the p39GAG3-POL3 species is processed from the GAG3-POL3 fusion protein-possibly at the amino terminus of PR. The observation that the synthetic Ty3 GAG3-POL3 fusion mutant produced no Pr38GAGS but did produce p39GAG3-POL3
protein (22) (18, 32) . This modification of a structural polyprotein is not unprecedented, as the amino terminus of Pr769ag of avian sarcoma/leukosis virus was shown to be acetylated (43) . The NC protein would have a maximum of 57 residues if the carboxyl terminus is defined by the end of GAG3. Although this is fewer than would be expected on the basis of the apparent mass, retroviral NC proteins, which are close to 60 amino acids in length and similar in composition to Ty3 NC, migrate anomalously slowly, perhaps because of their highly basic nature.
The amino-terminal sequence of the 16-kDa protein begins 26 residues from the Asp of the PR active site, similar to the spacing of 24 to 36 residues found among three retroviral PRs (23, 45, 49) . A 16-kDa protein reacts weakly with antibodies raised against a peptide from the proposed PR coding region (7) . If no other cleavage occurred between the amino terminus of the PR and that of RT, a protein of 228 residues would be generated. Therefore, an additional cleavage site is inferred. Analysis of the protein sequence in the implicated region by using the ANALSEP program (50, 54) (44, 49) . Inspection of the Ty3 GAG3 and POL3 predicted protein sequence by using the ANALSEP program and a weight matrix derived from 46 retroviral processing sites, however, did identify Ty3 processing sites for IN 61-and 58-kDa species (50) .
In summary, we have identified the Ty3 PR and demonstrated its critical role in VLP maturation and transposition. We have also identified and characterized five of its putative cleavage sites in the Ty3 GAG3-POL3 polyprotein. From these cleavage sites, we deduced the existence of an additional Ty3 protein(s) encoded between PR and RT coding regions. The cleavage context is, as is the case for retroviruses, relatively hydrophobic. The decreased hydrophobicity that we observed at P1 in Ty3 compared with that observed in retroviruses suggested modest differences between the specificities of Ty3 and retroviral PR. Interestingly, changing the Ser in the Asp-Ser-Gly active-site sequence found in copia, Tyl, Ty3, and Rous sarcoma virus to Thr in Ty3 to mimic the Asp-Thr-Gly sequence found in most retroviruses allowed production of all mature Ty3 proteins. Although the mutant PR appeared to process POL3 proteins somewhat less efficiently than the wild type, Ser and Thr are both functional in this position in the active site.
